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Generating such disorder is clearly technologically relevant, for it enhances the critical current density J c by orders of magnitude and considerably expands the useful irreversible regime ~~ . T. Hwa and coworkers just proposed that a small splay (i.e. a dispersion in the orientation of the columns) will force vortex entanglement, leading to even larger J c and a smaller vortex creep rate. Here we demonstrate such an effect in YBaCuO single crystals using the difference in splay naturally occurring in irradiations with two ions differing in mass and in energy, . At high temperatures, the larger splay of the tracks produced by Sn irradiation (~10°) results in a persistent current density one order of magnitude larger and a creep rate one order of magnitude smaller as compared with Au irradiation with splay ~1°. This observation indicates that a considerable further improvement of the current carrying capacity of high temperature superconductors can still be obtained. The trivial reason for the strong and highly directional pinning of magnetic vortices in a type II superconductor with long columnar defects, comes from the topology of the vortex; it is a linear object which can now be captured over a considerable portion of its length. Strong pinning is, of course, technologically essential, since electrical resistance comes from the dissipation associated with vortex motion. Such motion is driven by the Lorentz force F = J x B, which acts over the entire length of the vortex, and must be arrested by the pinning force which acts only over the fraction of the vortex length that is pinned. In the case of aligned columnar defects, the fraction can approach unity. This should be contrasted with core pinning by point defects, where only a small fraction of the vortex is pinned . Moreover, pinning by random point defects involves an extra cost in elastic energy arising from the meandering of the vortex core between pinning centers , which is absent in the case of columnar defects aligned with the applied magnetic field.
The nontrivial consequence of the aligned disorder is the formation of the new Q thermodynamic state of the vortex matter: a Bose -glass in which vortices are localized on columnar pins, in analogy to a system of two-dimensional bosons.
Thermal fluctuations will allow segments of vortices to "peel off" their tracks , a process that will be further stimulated at high temperatures by the reduction of the pinning energy due to entropic effects. The reduction of the persistent current due to relaxation will take place via three processes : (i) the formation of the half-loop excitations, which grow, (it) the double-kink formation in the vortex line, allowing it to reside on two tracks, and (iii) the spread of the double kinks, g which is entirely unimpeded for parallel tracks at high temperatures .
T. Hwa and coworkers 5 suggested that a splay in the orientation of the columns will lead to an "entangled" state of the vortex matter, a "splayed glass", in which the "phase space" for the hopping and spreading processes is substantially reduced; it may be of energetic advantage for a vortex segment to hop to the nearest defect, but it may be prohibitive by the geometry -the price to be paid is the increase in the elastic energy. The implied consequence of such disorder is a larger critical current density ,l c than for the parallel (unsplaycd) columns of damage and a greatly diminished flux creep .
To test the suggestion of Hwa et al, we inspect the damage produced in single crystals of YBaCuO by the irradiation with 0.58 GeV Thus, if we compare a 1 l.5jum thick crystal irradiated with Au and a 21pm thick crystal irradiated with Sn, the splay difference will be about 10°, quite large, and, if Hwa's suggestion is correct, at a comparable dose we should see large differences in persistent currents J. Figures 3 and 4 show the variation of the persistent currents with temperature for such two YBaCuO single crystals irradiated at nearly the same doses; B^ = 4.7 Tesla for Au and B<j > = 5 Tesla for Sn. The matching field B<j, is a convenient way to express the density of columnar defects; it is the field at which the density of vortices and defects are equal 12 . The current density J was obtained from the measurements of irreversible should be linked to a slower relaxation of vortices there. And, if this is so, we argue that the relaxation, or creep, is arrested to a considerable degree by a splay of ~10° in the orientation of the columns of damage. We confirm this by the data in Fig. 3(b) , showing the normalized relaxation rates S = dln(J)/(iln(t) for the above two crystals for the same field as a function of temperature. S was measured by sweeping H to a -5.5 Tesla (to insure complete field penetration), increasing it to the target field (here + 1 Tesla), and recording M(t)ocJ(t) for approximately 2 hours (during this short time window the time dependence of S due to the non-logarithmicity of the decay is undetectable). At low temperatures kT the relaxation rates are similar. Since at low temperatures S ~-~-, where U is the activation energy for vortex jumps, we estimate from the initial slope the effective single track pinning energy U p~4 00 -600K for both. This is not surprising, since the reduction of U p by the loss of elastic energy, due to a small splay is small. As the temperature is increased, so is S, which reaches a. flat consistent with the differences in J (see Fig. 4(a) ).
In addition to the differences in splay, the defects produced by Sn and Au irradiations differ slightly in diameter and continuity 10 . To be sure that the observed differences in J(T) and S are due to splay, and not to other factors, we have also studied two other YBaCuO crystals irradiated with Sn and Au, whose thicknesses were selected to produce a similar splay. We compared a I5.6^m thick crystal irradiated with Sn and a 24.1pm thick crystal irradiated with Au, to doses B^ = 3 Tesla and B<j > = 2.4 Tesla respectively. From Fig. 2 , we estimate splays to be comparable; ~1.8° and ~3° respectively. We.expect then the differences in J and S to be small and this is indeed seen in the insets of Fig. 4 ; The splay in the track directions is visible in both. it
